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We evaluate the charge noise acting on a GaAs/GaAlAs based semiconductor double quantum
dot dipole-coupled to the voltage oscillations of a superconducting transmission line resonator. The
in-phase (I) and the quadrature (Q) components of the microwave tone transmitted through the
resonator are sensitive to charging events in the surrounding environment of the double dot with an
optimum sensitivity of 8.5× 10−5 e/√Hz. A low frequency 1/f type noise spectrum combined with
a white noise level of 6.6 × 10−6 e2/Hz above 1 Hz is extracted, consistent with previous results
obtained with quantum point contact charge detectors on similar heterostructures. The slope of the
1/f noise allows to extract a lower bound for the double-dot charge qubit dephasing rate which we
compare to the one extracted from a Jaynes-Cummings Hamiltonian approach. The two rates are
found to be similar emphasizing that charge noise is the main source of dephasing in our system.
Combining semiconductor nanostructures with mi-
crowave frequency resonators should allow to realize cav-
ity quantum electrodynamics experiments on a chip1,2.
The new possibility being that the qubit may now consist
of a single electron3–5 or two-electron spins confined in
quantum dots6–11, potentially overcoming the relaxation
and dephasing times of actual superconducting qubits.
Additionally, it attracts a lot of interest in the mesoscopic
physics community where, for example, photon-mediated
non-local electronic transport between separated quan-
tum dots has been predicted4,12 and quantum capaci-
tance measurements on single quantum dots have been
realized13,14. In each of these experiments combining
semiconductor quantum dots and superconducting mi-
crowave resonators, one element was used to study the
properties of the other, i.e. the resonator allowed to probe
the dot’s properties12–17,19,20 or vice versa22. However,
an important milestone remaining to be reached is the
strong coupling regime of cavity QED1 in which an entan-
gled state between the resonator and the dot is formed.
Reaching this regime is challenging with quantum dots
due to the lack of control over the decoherence mech-
anisms limiting charge relaxation and dephasing rates.
Here, we use the distributed resonator-dot system to
quantitatively extract charge fluctuations in the environ-
ment surrounding our single-electron GaAs double quan-
tum dot, one source of decoherence in our experiment.
We demonstrate a charge sensitivity of the microwave
readout at the level of 8.5×10−5 e/√Hz and use this sen-
sitivity to quantitatively probe the low-frequency charge
noise of the host heterostructure23–30. The achieved sen-
sitivity is of the same order as that of typical QPC based
charge detectors31–37 and compares favorably to recent
lumped element LC resonator techniques which obtained
a charge sensitivity of 6.3× 10−3e/√Hz38.
More importantly, the analysis presented here allows
us to infer a lower bound for the dephasing rate origi-
nating from the low frequency charge noise in the vicin-
ity of the double-dot. The inferred value is similar to
that extracted from an analysis of frequency shifts and
linewidth broadenings based on a master equation sim-
ulation15,16,19. This emphasizes that charge noise is the
main source of dephasing in our double quantum dot-
based charge qubit system.
The sample consists of a two-dimensional electron
gas (2DEG) formed 90 nm below the surface of a
GaAs/GaAlAs heterostructure. A split-gate device is
defined by electron-beam lithography enabling the for-
mation of a double quantum dot when suitable nega-
tive gate voltages are applied (see Fig. 1c and bottom
panel of Fig. 1a). Next to it, a 200 nm thick super-
conducting coplanar waveguide resonator made of alu-
minum is patterned on a region where the 2DEG has
been etched away to avoid losses (see top panel of Fig. 1a
and Refs. 14,15,17,19). The coupling of the resonator to
the external microwave feed lines is realized through fin-
ger capacitors realizing an over-coupled resonator39. The
resonance frequency and loaded quality factor obtained
with this geometry are ν0 = 6.76 GHz and QL ≈ 920,
respectively. The coupling between the double quantum
dot and the resonator excitations is mediated by the left
plunger gate (LPG) extending from the resonator to the
left quantum dot (orange colored gate in Figs. 1a and
c)19. A quantum point contact is fabricated on the right
hand side of the double dot (blue colored gate QPC in
Fig. 1c). The sample is then operated in a pulse-tube
based dilution refrigerator having a base temperature of
approximately 10 mK.
We form a double quantum dot potential by suitably
energizing all gates presented in Fig. 1c. For its charac-
terization, we record the current flowing through the dou-
ble quantum dot from source (S) to drain (D) to recover
a typical hexagon-shaped charge stability diagram in the
many-electron regime35,40,41. We use the nearby quan-
tum point contact (QPC colored in blue in Fig. 1c) as a
charge sensor31,42 to identify the (0, 1) ↔ (1, 0) [(N,M)
notation corresponds to N (M) electrons confined in the
left (right) dot] transition of interest for which only one
electron resides in the DQD and no dc current is mea-
surable19,31,42.
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FIG. 1: (a) Circuit diagram representation of the double
quantum dot (bottom panel) coupled to the resonator (top
panel). The double quantum dot is tuned with gate volt-
ages VLPG, VRPG, VCG, VSDB, VLSG, VRSG. It is connected to
the resonator via the capacitor CLPG. The resonator is driven
with a microwave signal at frequency νr. The transmitted sig-
nal passes through a circulator, is amplified and mixed with
the local oscillator νLO to obtain the field quadratures I and
Q. A charge fluctuator in the vicinity of the double dot af-
fects its wave function and thereby its polarizability. (b) The
charge fluctuator as represented in (a) changes the dot detun-
ing δ (top graph) and accordingly its polarizability (bottom
graph). (c) Scanning electron microscope picture of a double
quantum dot gate design similar to the one used in the exper-
iment. The gate extending from the resonator is colored in
orange. The gate QPC used for reading out the charge state
of the double dot is colored in blue.
We then probe the quantum dot’s charge state using
the resonator by applying a coherent microwave tone at
frequency ν0 to the resonator and extract the amplitude
A and phase φ of the transmitted signal from the mea-
sured field quadratures I and Q, as Aeiφ = I + iQ in a
heterodyne detection scheme2. As already pointed out in
Refs. 15,16,19, the observed amplitude and phase varia-
tions when sweeping along the detuning axis δ allow us to
extract the tunnel coupling t between the dots and to es-
timate the dephasing rates γϕ/2pi of the double quantum
dot system. This analysis uses a master equation simula-
tion based on the Jaynes-Cummings Hamiltonian15 and
allows us to find dephasing rates in the GHz range (for
more information, see Refs. 15,19).
In the following, we choose to directly measure the
quadratures I and Q to extract the charge noise. A typi-
cal measurement of I andQ along the detuning line δ/h is
shown in Figs. 2a and b for the case 2t/hν0 > 1. The con-
version of the applied plunger gate voltage to frequency
follows from the lever arm consistently extracted from
finite bias triangles40 and electronic temperature broad-
ening of the QPC charge detection linewidth43.
Here we use the non-linear dependence of the Q
quadrature on the average charge occupancy of the left
dot along the detuning line δ for charge detection. We
restrict our analysis to the Q quadrature because of
the small signal to noise ratio of the I component (see
Fig. 2a).
When tuning across the charge degeneracy line δ, the
electron distribution is shifted from the left dot to the
right dot. This leads to a change of the energy separation
of the qubit states and of its polarizability or quantum
admittance14,44 (see Fig. 1b). This scenario can either
be realized by tuning the gate voltages VLPG and VRPG
or alternatively by a fluctuating charged impurity in the
vicinity of the double dot (see bottom panel of Fig. 1a
and the associated changes in energy and polarizability in
Fig. 1b). We make use of this latter sensitivity to measure
the charge noise acting on our double-dot structure.
We define the charge sensitivity of the Q quadrature
at a particular detuning δ0 as[
∆q√
∆ν
]
Q
=
e
EC
√
SQ
∂Q/∂δ
∣∣∣∣∣
δ0
. (1)
In this expression, SQ corresponds to the noise spec-
tral density of the quadrature Q averaged over the mea-
surement bandwidth. The derivative ∂Q/∂δ defines how
much the quadrature signal changes with respect to a
detuning. Ec ≈ 2.4 meV is the charging energy of a
single dot20,44. For the sensitivity calculation, we find
SQ = σ
2
Q/∆ν with ∆ν = 1.53 Hz the bandwidth of the
measurement and σQ the standard deviation of the mea-
sured signal Q. In particular, for the setup used in this
experiment SQ = 5.9 × 10−23 mV2/ Hz at the input of
the amplification chain which corresponds to the noise
added by the low temperature HEMT based amplifier.
This amplifier has a [1 − 14] GHz bandwidth, a gain of
39 dB and a noise temperature of 6 K.
In the following we restrict the discussion to the case
where 2t/hν0 > 1 for simplicity. As a first step we mea-
sure Q(δ) and numerically compute the partial deriva-
tive ∂Q/∂δ shown in Fig. 2b. This allows us to estimate
the corresponding sensitivity along the entire detuning
axis as defined in Eq. (1) (see Fig. 2c). The sensitivity
shown here has an optimum value of 8.45× 10−5 e/√Hz.
These minima typically arise in the intervals [−10,−5]
and [5, 10] GHz of the δ axis49. For these detuning ranges,
a small change in charge occupation gives rise to a strong
change in the quadrature signal. On the other hand, the
sensitivit is strongly reduced when the derivative is zero.
We now use this estimate to compute the charge noise
spectral density of the surrounding environment into
which the double quantum dot is embedded. To do so,
we acquire time traces of Q for two different detuning
values26,27,30. The first detuning value δ1, highlighted
by vertical orange dashed lines in Fig. 2, only carries in-
formation about the intrinsic noise of the measurement
setup. The second value of detuning δ2 instead, high-
lighted by vertical green dashed lines in Fig. 2, is in
addition sensitive to charge fluctuations in the sample.
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FIG. 2: (a) Measured in-phase I and out-of-phase Q compo-
nents of the signal transmitted through the resonator vs the
detuning δ. (b) Measured quadrature signal Q and numerical
derivative ∂Q/∂δ of Q vs detuning δ. (d) Computed charge
sensitivity along δ.
The time traces are acquired for 4920 seconds with a
sampling rate of 17 Hz (see Fig.3a). In order to im-
prove the precision of the extracted noise spectral den-
sity we decomposed the time traces into 20 traces of equal
lengths. A discrete Fourier spectrum with coefficients fi
was computed and squared |fi|2 = Si for each of these
20 equivalent datasets and averaged. This leads to the
noise spectra shown in Fig. 3b. Both spectra exhibit a
white noise region above 1 Hz and a 1/f behavior at low
frequency. The sensitive region shows a higher noise level
and reveals more features than the reference signal.
In order to extract the charge noise spectrum from
these measurements we compute
SC(e
2/Hz) =
(
e
EC
)2(
∂δ
∂Q
)2 ∣∣∣∣∣
δ2
(
SSensQ − SRefQ
)
(2)
The result of this calculation is shown in Fig. 3c.
We notice a sample specific white noise level at high
FIG. 3: (a) Quadrature Q time traces for both reference and
sensitive gate voltage settings respectively indicated by yellow
and green vertical dashed lines in Fig. 2. (b) Q noise spec-
trum calculated from the curves shown in (a). (c) Charge
noise spectral density SC of the surrounding environment of
the double dot extracted from Q datasets. The two straight
lines are guides to the eye corresponding to a white noise
above 1 Hz or a 1/f divergence of the noise at low frequency,
respectively.
frequency of 6.64 ± 0.04 × 10−6 e2/ Hz and a stan-
dard 1/f component below 1 Hz (slope σ2C = 9.91 ×
10−6 e2/Hz) consistent with previous results obtained
with a quantum point contact charge detector on sim-
ilar heterostructures26,27,30. Note that unavoidable ad-
ditional structures occur around 2 Hz and 0.05 Hz as a
result of either a periodic charge noise in the host ma-
terial or the interaction of the background charges with
the measurement setup fluctuations. Additionally, one
can estimate the equivalent detuning noise at 1 Hz20,46:
Sδ = (EC/e)
2SC = 57.1 µeV
2/Hz = 3.3 GHz2/ Hz.
Using a semiclassical model for dephasing at second or-
der in the charge fluctuation20,45,46, one can relate the de-
tuning noise Sδ to the double quantum dot charge qubit
(energy Ω(δ, t) =
√
δ2 + (2t)2) dephasing rate via the re-
lation γϕ/2pi ≈ d2Ωdδ2 |δ=0 Sδ(ν = 1 Hz) = Sδ(ν = 1 Hz)/2t.
An estimate of this rate based on the charge noise ex-
4tracted in this paper leads to γCϕ /2pi = 0.4 GHz.
This number is of the same order of magnitude as
that extracted from a Jaynes-Cummings analysis of the
microwave response, for which we obtained γϕ/2pi ≈
0.6 GHz15–17,19 highlighting the relevance of the 1/f
charge noise to explain the dephasing of quantum
dot based charge qubit made with semiconductor het-
erostructures50. Additionally the situation γCϕ /2pi
<∼
γϕ/2pi demonstrates that the additional structures re-
vealed in the noise measurements (peaks around 2 Hz
and 0.05 Hz) and/or the higher frequency spectrum may
play a role in the effective dephasing.
At this point, it is interesting to calculate the maxi-
mum value of the 1/f charge noise slope for which the
dephasing rates would become smaller than the coupling
to the resonator γϕ/2pi < g/2pi. For g/2pi = 25 MHz
as extracted from the experiment, this condition requires
σ2C < 0.59 × 10−6 e2/Hz which is only an order of
magnitude below the values found in our particular het-
erostructure.
In summary, we have shown that the interaction be-
tween a superconducting resonator and a double quan-
tum dot which manifests itself as changes in the quadra-
ture signal transmitted through the resonator can be used
as a sensitive probe of charge fluctuations in the host ma-
terial.
The coupling between the resonator and the double
quantum dot gives rise to frequency shifts and linewidth
broadenings of the resonator spectra as already pointed
out in Refs. 15,16. While these observables strongly de-
pend on the geometry of the sample and on its coherence
properties and cannot be changed easily, the quality fac-
tor of the resonator instead can be increased, though
limited by piezoelectric effects in GaAs. An equiva-
lent frequency shift will lead to a stronger quadrature
signal change, the higher the quality factor. By un-
dercoupling the resonator, quality factors of 104 have
been demonstrated on a GaAs wafer22. This factor
of 10 increase compared to the presently realized res-
onator would improve the Q sensitivity by a factor of 10,
though limiting the maximum bandwidth of the mea-
surement scheme set by the decay rate of the resonator
κ/2pi = ν0/QL
38. One would then reach the best sen-
sitivities achieved with state of the art quantum point
contact charge detectors23–25,28. It would be even more
interesting to exchange the substrate to avoid limita-
tions due to piezoelectric effects in GaAs. In this re-
gard, Si or Sapphire substrates are natural candidates
and have already demonstrated quality factors as high
as 105 − 106 at 6 GHz. In this situation, GaAs quan-
tum dots could be replaced by either InAs nanowires16,
carbon nanotubes13,20,21 or Si/SiGe29 quantum dots. Fi-
nally, in future experiments, the use of Josephson-based
parametric amplifiers47,48 instead of HEMT-based ampli-
fiers working in the GHz domain will allow to drastically
increase the signal to noise ratio and as a result imcrease
the charge sensitivity by several orders of magnitude.
More importantly, we found a slope of the 1/f charge
noise at the level of 9.9 × 10−6 e2/Hz below 1 Hz in
our device, typical of GaAs/GaAlAs heterostructures.
This noise level translates to a dephasing rate which is
slightly smaller than that determined experimentally us-
ing the Master equation approach applied to the Jaynes-
Cummings model19. This inequality highlights that the
background charge fluctuations leading to the 1/f charge
noise spectrum are the main but not the only ingredients
necessary to explain the fast dephasing rates observed in
our experiment.
We acknowledge valuable discussions with Takis Kon-
tos, Je´re´mie Viennot, Jonas Mlynek, Christian Lang,
Yves Salathe´, Lars Steffen, Sarah Hellmu¨ller and Fab-
rizio Nichele. This work was financially supported by the
Swiss National Science Foundation through the National
Center of Competence in Research Quantum Science and
Technology, and by ETH Zurich.
1 J. Raimond, M. Brune, and S. Haroche, Rev. Mod. Phys.
73, 565582 (2001).
2 A. Wallraff et al., Nature (London) 431, 162 (2004).
3 L.Childress, A.S. Sorensen and M.D. Lukin, Phys. Rev. A
69, 042302 (2004).
4 C. Bergenfeldt, and P. Samuelsson, Phys. Rev. B 85,
045446 (2012).
5 N. Lambert, C. Flindt, and Franco Nori, arXiv:1303.7449
(2013).
6 J. R. Petta et al., Science 309, 2180 (2005).
7 G. Burkard and A. Imamoglu, Phys. Rev. B 74, 041307(R)
(2006).
8 M. Trif, V. N. Golovach, and D. Loss, Phys. Rev. B 77,
045434 (2008).
9 A. Cottet, and T. Kontos, Phys. Rev. Lett. 105, 160502
(2010).
10 X. Hu, Y.X. Liu, and F. Nori, Phys. Rev. B 86, 035314
(2012).
11 P.Q. Jin et al. Phys. Rev. Lett. 108, 190506 (2012).
12 M. R. Delbecq et al., Nat. Commun. 4 1400 (2013).
13 M. R. Delbecq et al., Phys. Rev. Lett. 107, 256804 (2011).
14 T. Frey et al., Phys. Rev. B 86, 115303 (2012).
15 T. Frey et al., Phys. Rev. Lett. 108, 046807 (2012).
16 K. D. Petersson et al., Nature 490, 380 (2012).
17 H. Toida, T. Nakajima, and S. Komiyama, Phys. Rev. Lett.
110, 066802 (2013).
18 A. Wallraff et al., arXiv:1304.3697 (2013).
19 J. Basset et al., Phys. Rev. B 88, 125312 (2013).
20 J. Viennot et al., Phys.Rev. B 89, 165404 (2013).
21 J. J. Viennot, J. Palomo and T. Kontos, Appl. Phys. Lett.
104, 113108 (2014);
22 T. Frey et al., Applied Physics Letters 98, 262105 (2011).
23 W. Lu et al., Nature 423, 422-425 (2003).
24 D.J. Reilly et al., Appl. Phys. Lett. 91, 162101 (2007).
25 M.C. Cassidy et al., Appl. Phys. Lett. 91, 222104 (2007).
26 I.T. Vink et al. Appl. Phys. Lett. 91, 123512 (2007).
527 C. Buizert et al. Phys. Rev. Lett. 101, 226603 (2008).
28 T. Mueller et al., Appl. Phys. Lett. 97, 202104 (2010).
29 J.R. Prance et al. Phys. Rev. Lett. 108, 046808 (2012).
30 K. Takeda et al. Appl. Phys. Lett. 102, 123113 (2013).
31 M. Field et al., Phys. Rev. Lett. 70, 1311 (1993).
32 M. Heiblum et al., Nature (London) 391, 871 (1998).
33 D. Sprinzak et al., Phys. Rev. Lett. 84, 5820 (2000).
34 S. Gustavsson et al., Phys. Rev. Lett. 96, 076605 (2006).
35 R. Hanson et al., Rev. Mod. Phys. 79, 1217 (2007).
36 T. Ihn et al. Physica E 42, 803 (2010).
37 B. Kueng et al., Phys. Rev. X 2, 011001 (2012).
38 J.I. Colless et al. Phys. Rev. Lett. 110, 046805 (2013).
39 M. Goeppl et al., J. Appl. Phys. 104, 113904 (2008).
40 W. G. van der Wiel et al., Rev. Mod. Phys. 75, 1 (2002).
41 T. Ihn, Semiconductor nanostructures, Oxford University
Press (2010).
42 J.M. Elzerman et al., Phys. Rev. B 67, 161308(R) (2003).
43 L. Di Carlo et al., Phys. Rev. Lett. 92, 226801 (2004).
44 K.D. Petersson et al., Nano Letters 10, 2789 (2010).
45 G. Ithier et al., Phys. Rev. B 72, 134519 (2005).
46 K.D. Petersson et al., Phys. Rev. Lett. 105, 246804 (2010).
47 M. A. Castellanos-Beltran et al., Nat. Phys. 4, 929 (2008).
48 C. Eichler et al., arXiv:1404.4643 (2014).
49 The exact position in detuning depends on the tunnel cou-
pling between the dots and on the relation ν0 − γϕ/2pi ≤
δ/h ≤ ν0 + γϕ/2pi, with γϕ/2pi the dephasing rate, that
has to be satisfied.
50 It is not known today which fluctuating background
charges, present inside the material or at the surface of
the substrate, contribute the more to the observed 1/f
spectrum.
